Objective-Apolipoprotein (apo) A-II is the second major apo of high-density lipoproteins, yet its pathophysiological roles in the development of atherosclerosis remain unknown. We aimed to examine whether apo A-II plays any role in atherogenesis and, if so, to elucidate the mechanism involved. Methods and Results-We compared the susceptibility of human apo A-II transgenic (Tg) rabbits to cholesterol diet-induced atherosclerosis with non-Tg littermate rabbits. Tg rabbits developed significantly less aortic and coronary atherosclerosis than their non-Tg littermates, while total plasma cholesterol levels were similar. Atherosclerotic lesions of Tg rabbits were characterized by reduced macrophages and smooth muscle cells, and apo A-II immunoreactive proteins were frequently detected in the lesions. Tg rabbits exhibited low levels of plasma C-reactive protein and blood leukocytes compared with non-Tg rabbits, and high-density lipoproteins of Tg rabbit plasma exerted stronger cholesterol efflux activity and inhibitory effects on the inflammatory cytokine expression by macrophages in vitro than high-density lipoproteins isolated from non-Tg rabbits. In addition, β-very-low-density lipoproteins of Tg rabbits were less sensitive to copperinduced oxidation than β-very-low-density lipoproteins of non-Tg rabbits. 
P lasma levels of high-density lipoproteins (HDLs) are closely associated with the risk of atherosclerotic coronary artery disease. 1 HDLs are macromolecules and contain equal amounts of lipids and proteins. 2 Apolipoprotein (apo) A-I and apo A-II constitute the major protein components of HDLs, comprising 70% and 20% of the total, respectively. Although apo A-I atheroprotective functions (such as reverse cholesterol transport, anti-inflammation, and antioxidation) have been extensively investigated and well established, 3, 4 relatively little is known about the physiological significance of apo A-II in lipoprotein metabolism and atherosclerosis. 5 Synthesized predominantly in the liver and small amounts made in the intestine, apo A-II is a 77-aa protein and exists as a disulfide-linked homodimer (MW, 17.4 kDa) in plasma.
In humans, apo A-II levels do not correlate with plasma HDLcholesterol (HDL-C) levels, yet clinical and epidemiological studies have yielded conflicting results about the relationship between plasma apo A-II levels and coronary heart disease.
Some studies showed that plasma apo A-II levels are inversely associated with coronary artery heart disease, as are HDL-C and apo A-I levels, 6 and low plasma apo A-II is associated with increased risk of myocardial infarction. 7, 8 In addition, there was found to be a strong inverse relationship between plasma apo A-II levels and risk of future coronary artery disease in an apparently healthy population. 9 Nevertheless, patients who are deficient in apo A-II gene did not show any increased susceptibility to coronary artery disease, 10 and the −265C polymorphism in the apo A-II promoter region was shown to be associated with decreased plasma apo A-II concentration and reduced risk of coronary artery disease.
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Animal studies along with in vitro studies also generated controversial results. Most of these studies indicate that apo A-II is poorly antiatherogenic or even proatherogenic because replacement of apo A-I with apo A-II impairs HDL antiatherogenic functions. [12] [13] [14] This notion is supported by the finding that the expression of murine apo A-II gene increases aortic atherosclerosis in transgenic (Tg) mice fed even on a chow diet. 15 On the other hand, a study using apo A-II knockout mice showed that murine apo A-II may have somewhat antiatherogenic properties, such as in the maintenance of the plasma HDL pool. 16 Furthermore, expression of human apo A-II gene in Tg mice led to either increased 17 or decreased 18, 19 susceptibility to atherosclerosis dependent on high-fat diets. Therefore, it is still poorly understood whether human apo A-II is involved in the development of atherosclerosis or whether apo A-II-rich HDLs are beneficial for cardiovascular protection. 5 To investigate the pathophysiological roles of human apo A-II in lipoprotein metabolism and atherosclerosis, our laboratory generated human apo A-II Tg rabbits, a species that normally does not have an endogenous apo A-II gene. 20 On a chow diet, apo A-II Tg rabbits exhibited mild hyperlipidemia (mean plasma total cholesterol in males, 74 mg/dL in Tg versus 65 mg/dL in non-Tg; females, 129 mg/dL in Tg versus 68 mg/dL in non-Tg) and 50% reduction of HDL-C compared with nonTg littermates, but did not develop spontaneous atherosclerosis at 2 years old. To examine whether human apo A-II plays any role in the development of atherosclerosis, we fed Tg and nonTg rabbits with a cholesterol diet and compared their susceptibility to atherosclerosis. Our studies showed that expression of human apo A-II protects against cholesterol diet-induced atherosclerosis in Tg rabbits through enhancement of cholesterol efflux activity and anti-inflammatory functions.
Methods
Animals
Tg Japanese white rabbits expressing the human apo A-II genomic DNA were generated in our laboratory as described previously. 20 Human apo A-II was mainly expressed in the liver. 20 Plasma levels of human apo A-II of Tg rabbits were 29.38±6.3 mg/dL in males and 35.06±10.45 mg/dL in females, which are similar to those of healthy humans (31-35 mg/dL). Tg rabbits along with sex-and age-matched non-Tg littermates (4-5 months old) were used for the current study. All rabbits were fed with a diet containing ~0.3% cholesterol and 3% soybean oil for 16 weeks. 21 All animal experiments were performed with the approval of the Animal Care Committee of the University of Yamanashi and Saga and conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. Plasma lipids (total cholesterol, triglycerides, and HDL-C), lipoproteins, apo A-I and apo A-II, cholesteryl ester transfer protein activity, whole blood cells, and C-reactive protein levels along with serum paraoxonase 1 activity and hepatic expression were measured. 21 Lipoproteins and HDL size were also analyzed by high-performance liquid chromatography. See the details in the online-only Data Supplement.
Analysis of Aortic and Coronary Atherosclerosis
The aortic and coronary atherosclerosis lesions were quantified using the method as described previously. 21 To detect whether apo A-II was present in lesions, rabbit aortic arch along with human carotid arteries and aortas were immunohistochemically stained with goat polyclonal Ab against human apo A-II (See the online-only Data Supplement for all Abs). For negative control staining, the sections were immunostained with nonspecific goat IgG as the primary Ab or without adding the primary Ab. In addition, fresh aortic specimens of rabbits and human autopsy cases were homogenized in ice-cold suspension buffer (0.02 mol/L Tris-HCl, pH 7.5). From each sample, 45 μg of the crude protein was fractionated by 4%-20% gradient SDS-PAGE under the nonreducing conditions and probed with human apo A-II Ab.
Cholesterol Efflux Assay
To analyze whether apo A-II affects cholesterol efflux capacity of HDLs, we compared Tg-HDLs with non-Tg HDLs for their cholesterol efflux capacity in vitro. To investigate whether ATP-binding cassette transporter A-1 (ABCA-1) was involved in the cholesterol efflux mediated by apo A-II, we performed the cholesterol efflux assay using baby hamster kidney cells stably transfected with a mifepristone-inducible vector containing an insert encoding ABCA-1 or without insert (mock as a control). See the details in the online-only Data Supplement.
Analysis of Anti-inflammatory Effects of HDLs
To examine whether apo A-II affects the anti-inflammatory functions of HDLs, we compared the Tg-HDLs with non-Tg HDLs in terms of their inhibitory effects on tumor necrosis factor-α, interleukin-6, and monocyte chemoattractant protein-1 expression in vitro. U937 monocyte-derived macrophages were incubated with 20 μg/mL of lipopolysaccharide (L4391, Sigma-Aldrich, St. Louis, MO) alone (as a control) or lipopolysaccharide with different concentrations of HDL 3 isolated from either Tg or non-Tg rabbits for 24 hours. Then, cells were lysed and total RNA was extracted for determination of the gene expression of tumor necrosis factor-α, monocyte chemoattractant protein-1, and interleukin-6 by real-time reverse transcriptase-polymerase chain reaction. 22 The primers and protocol used for reverse transcriptase-polymerase chain reaction are shown in the online-only Data Supplement.
Evaluation of ApoB-Containing Lipoprotein Oxidizability
In Tg rabbit plasma, a small amount of apo A-II was also detected in apoB-containing lipoprotein particles of Tg rabbits 20 ; thus, we investigated whether apo A-II affects oxidation of these particles. 23 Each lipoprotein fraction (50 μg/mL protein) was dissolved in phosphate buffer (10 mmol/L, pH 7.4) with 0.16 mol/L NaCl. The kinetics of copper-induced lipoprotein oxidation was determined by monitoring the change of the conjugate-diene absorbance at 234 nm at 37°C with a SpectraMax 190 Absorbance Microplate Reader (Molecular Devices, Sunnyvale, CA) as described previously. 24 Absorbance of lag-time, maximal oxidation speed (V max), and maximal diene concentrations were calculated for the estimation of oxidation sensitivity.
Statistical Analysis
All data are expressed as mean±SD. Statistical significance was determined by the Mann-Whitney U test for nonparametric analysis of the lesions of coronary arteries. Student t test was used to compare the results of other assays. In all cases, statistical significance was set at P<0.05.
Results
Plasma Lipids and Lipoproteins
Tg and non-Tg developed similar hypercholesterolemia ( Figure  IA in the online-only Data Supplement, top). Compared with those of non-Tg rabbits, plasma average triglycerides levels of Tg rabbits were high, but there was no statistical significance after 10 weeks (males) or 4 weeks (females) after cholesterol diet feeding ( Figure IA in the online-only Data Supplement, middle). HDL-C levels of Tg rabbits were significantly lower than those of non-Tg rabbits on a chow diet as reported previously 20 but did not change with a cholesterol diet. In contrast, HDL-C levels of non-Tg rabbits were decreased after cholesterol diet feeding and became lower than those of Tg rabbits at the end of the experiment ( Figure IA in the online-only Data Supplement, bottom). Furthermore, cholesterol diet feeding led to the reduction of plasma apo A-I levels in both non-Tg and Tg rabbits, but apo A-II levels were not affected in Tg rabbits ( Figure Agarose gel electrophoresis analysis of lipoprotein profiles revealed that Tg rabbits had less α-migrating HDLs than nonTg rabbits, whereas pre-β-migrating HDLs became prominent ( Figure Mean size of Tg-HDL (12.61±0.81 nm, n=4) was larger than non-Tg HDL (11.38±0.79 nm, n=3). Compared with the case in non-Tg rabbits, the presence of apo A-II (mainly distributed in HDL fractions: HDL 3 >HDL 2 >HDL 1 ) in Tg rabbits was accompanied by reduced apo A-I contents in HDLs ( Figure  IF in the online-only Data Supplement). ApoB and apoE contents in apoB-containing particles and HDL particles were similar in both the groups.
Aortic and Coronary Atherosclerosis
Analysis of en face aortic sudanophilic area revealed that Tg rabbits had significantly smaller atherosclerotic lesions A, Representative photographs of pinnedout aortic trees stained with Sudan IV from non-transgenic (Tg) and Tg rabbits are shown (left), and aortic atherosclerotic lesions (defined by sudanophilic area) on the surface were quantified with an image analysis system (right). Each dot represents the lesion area of an individual animal. B, Representative micrographs of the aortic lesions from male non-Tg and Tg rabbits. Serial paraffin sections were stained with hematoxylin-eosin (HE) and elastica van Gieson (EVG) or immunohistochemically stained with monoclonal antibodies (mAbs) against either macrophages (Mφ) or α-smooth muscle actin for smooth muscle cells (SMC; left). Intimal lesions on EVG-stained sections and positively immunostained areas of macrophages and SMC were quantified with an image analysis system (right). n=7 and 13 for male Tg and non-Tg rabbits and 8 and 10 for female Tg and non-Tg rabbits, respectively. C, The heart was cut into 7 blocks, 21 and blocks I and II containing left and right coronary trunks were sectioned in 500-μm intervals (3 sections from each block) and stained with EVG. Representative micrographs of coronary atherosclerosis of the left main trunks stained by EVG (left). Coronary stenosis=lesion area/ total lumen area×100(%) was measured and is expressed as percentage (right). LCA indicates left coronary artery trunks; and RCA, right coronary artery trunks.
of the whole aorta than non-Tg rabbits ( Figure 1A ). The whole lesion surface area was significantly reduced by 67% in male Tg rabbits (40%↓ in aortic arch, 87.6%↓ in thoracic, and 81.1%↓ in abdominal aorta versus non-Tg) and 45% in female Tg rabbits (26.8%↓ in aortic arch, 70.5%↓ in thoracic, and 46.5%↓ in abdominal aorta versus non-Tg). Histological examinations showed that the aortic lesions were mainly composed of infiltrating macrophages and smooth muscle cells intermingled with extracellular matrix (Figure 1B, left) . Morphometric analysis revealed that the microscopic atherosclerotic lesion area was significantly reduced in all parts of the aorta in Tg rabbits: 85%↓ in aortic arch, 90%↓ in thoracic aorta, and 73.9%↓ in abdominal aorta in Tg males and 69.6%↓ in aortic arch, 83%↓ in thoracic aorta, and 40%↓ in abdominal aorta in Tg females compared with those in each counterpart in non-Tg rabbits. Immunohistochemical staining showed that decreased aortic lesion areas in Tg rabbits were caused by marked reduction of macrophages and smooth muscle cells ( Figure 1B, right) .
In addition to aorta, male Tg rabbits had significantly smaller lesions in both left and right coronary arteries, whereas in female Tg rabbits, the left coronary lesions were significantly less severe than in non-Tg rabbits ( Figure 1C) .
Detection of Apo A-II Immunoreactive Proteins in the Lesions
Although apo A-II was not found in the nonlesional area of Tg rabbits, apo A-II was detected beneath endothelial cells We also examined the lesions of human aortic atherosclerosis obtained from autopsy. Similar to the lesions of Tg rabbits, apo A-II-immunoreactive proteins were detected in human aortic lesions by both immunohistochemical staining and Western blotting ( Figure 2C ). To exclude the possibility that apo A-II proteins seen in the lesions were produced by vascular wall cells, we examined human apo A-II gene expression in normal intima and lesional intima of Tg rabbits by real-time reverse transcriptase-polymerase chain reaction, 22 but did not detect any signals (data not shown).
Anti-inflammatory Effects of Apo A-II-Rich HDLs
The finding that apo A-II expression in Tg rabbits led to the reduction of atherosclerosis prompted us to examine the possible mechanisms involved. We first investigated whether apoA-II affects inflammatory state. We measured plasma C-reactive protein levels (a robust inflammatory marker) and serum paraoxonase 1 activity, an enzyme present in HDLs that is important for their anti-inflammatory and antioxidation functions. Tg rabbits exhibited significantly lower levels of plasma C-reactive protein but higher paraoxonase 1 activity than non-Tg littermates after cholesterol diet feeding at 16 weeks (Figure 3 top) . We also measured white blood cell numbers. Although there was no difference between Tg and non-Tg rabbits on a chow diet, Tg rabbits had significantly fewer total white blood cells with 42%↓neutrophils (P=0.08) and 44%↓monocytes (P=0.25), but no changes in lymphocytes than those in non-Tg rabbits on a cholesterol diet at 16 weeks (Figure 3, bottom) . There was no difference in platelet and red blood cell counts between the 2 groups (data not shown).
Addition of either Tg-HDLs or non-Tg HDLs at doses of 10-40 μg/mL significantly inhibited the expression of tumor necrosis factor-α and interleukin-6 in lipopolysaccharidestimulated macrophages (Figure 4) . When a comparison was made between Tg and non-Tg HDLs with regard to their suppressive capacity, Tg-HDLs had significantly stronger effects on the tumor necrosis factor-α and interleukin-6 expression than did non-Tg HDLs. Furthermore, Tg-HDLs showed inhibitory effects on monocyte chemoattractant protein-1 expression, which was not obvious in non-Tg HDLs. 
Cholesterol Efflux Capacity
Next, we examined whether there was any difference between Tg-HDLs (containing both apo A-I and apo A-II) and non-Tg HDLs (containing only apo A-I particles) in terms of their cholesterol efflux ability. Clearly, Tg-HDLs (both HDL 2 and HDL 3 ) were more efficient in removing cellular cholesterol from THP-1 macrophages than non-Tg HDLs at all doses (10, 30, and 100 μg/mL; Figure 5A ). We further compared the purified apo A-I and apo A-II without lipids and showed that, among 3 batches of apo A-I and 2 batches of apo A-II, their cholesterol efflux capacities were almost identical ( Figure III in the online-only Data Supplement). In addition to THP-1 macrophages, similar results were also obtained when mouse RAW264.7 macrophages (either unloaded or loaded with cholesterol) were used (data not shown). Using ABCA-1-transfected baby hamster kidney cells, we further demonstrated that functional ABCA-1 was essential for both apo A-I-and apo A-II-mediated cholesterol efflux.
Both mock and cells expressing an ABCA-1-defective mutant (A937V) failed to efflux cholesterol under identical conditions ( Figure 5B ). In addition, apoA-I and apoA-II did not seem to interfere with each other because apoA-I/apoA-II combination removed cholesterol as efficiently as apoA-I or apoA-II alone ( Figure 5B ).
ApoB-Containing Lipoprotein Oxidizability
Because a small amount of apo A-II is present in apoB-containing particles 20 ( Figure IV in the online-only Data Supplement), we next examined the possible role of apo A-II in apoB-containing lipoprotein oxidation. β-VLDL, the major atherogenic lipoprotein in cholesterol-fed rabbits, was the most sensitive to oxidation among the 4 apoB-containing lipoprotein fractions. Compared with that of non-Tg rabbits, oxidizability of β-VLDL but not intermediate density lipoprotein and LDL fractions of Tg rabbits was significantly diminished (Figure 6 ).
Discussion
In this study, we have demonstrated that human apo A-II, the second major apo of HDLs, protected against cholesteroldiet-induced atherosclerosis in Tg rabbits. Expression of human apo A-II at the physiological levels of healthy humans significantly suppressed the development of aortic atherosclerosis by 67% in male and 45% in female Tg rabbits compared with that in non-Tg rabbits. Interestingly, coronary atherosclerosis was also significantly decreased in Tg rabbits. Atherosclerotic lesions of Tg rabbits were characterized by reduced macrophages and smooth muscle cells. This finding was initially surprising and unexpected because apo A-II expression in Tg rabbits led to mild elevation of plasma lipids and low HDL-C attributable to inhibition of lipoprotein lipase activity. 20 In spite of this, under similar atherogenic hypercholesterolemia, overall effects of human apo A-II are atheroprotective as shown in the current study. Several mechanisms may be operative underlying the antiatherogenic functions of apo A-II in Tg rabbits. The first possible mechanism for apo A-II antiatherogenicity may be attributed to its potent anti-inflammatory activity. This contention is supported by the fact that Tg rabbits exhibited lower levels of inflammatory marker, C-reactive protein, and blood leukocytes (both neutrophils and monocytes) along with high paraoxonase 1 activity compared with non-Tg rabbits. Furthermore, Tg HDLs showed stronger suppressive activity on inflammatory cytokine expression of macrophages in vitro than did non-Tg HDLs. This finding is in contrast to a report that mouse apo A-II-rich HDLs of Tg mice could potentially be proinflammatory. 13 We speculate that such a difference may be caused by different apo A-IIs expressed in different animals (ie, human dimer apo A-II in Tg rabbits versus murine monomer apo A-II in Tg mice). In support of our observations, Yamashita et al 25 recently reported that plasma apo A-II is a potent anti-inflammatory bioactive protein because the administration of apo A-II led to the reduction of leukocyte infiltration and production of T cell-related cytokines in Con A-induced hepatitis in mice. Because Tg-HDLs are rich in phospholipids, it is necessary to investigate whether apo A-II also affects lipopolysaccharidebinding activity of HDL in future. Secondly, we found that HDLs isolated from Tg rabbits show increased cholesterol efflux capacity from macrophages compared with HDLs from non-Tg rabbits in vitro, suggesting that enrichment of apo A-II in HDL particles favors cholesterol efflux and thus inhibits foam cell formation in Tg rabbits. We also compared human lipid-free apo A-II with apo A-I with regard to cholesterol efflux activity and found that apo A-II is actually as efficient as apo A-I. Furthermore, functional ABCA-1 is required for lipid-free apo A-II-mediated cholesterol efflux, identical to apo A-I. Taken together, these data indicate that lipid-free apo A-II functions similarly to apo A-I in terms of cholesterol efflux via an ABCA-1-mediated mechanism. 26 Moreover, there is a synergistic effect in HDL particles for cholesterol efflux when both apo A-I and apo A-II are present as shown in Tg HDLs. This finding supports the results showing that the plasma of human apo A-II Tg mice exhibited greater cholesterol efflux from J774 macrophages. 27 It has been controversial whether enrichment or replacement of apo A-I with apo A-II impairs HDL-C efflux functions. Huang et al 12 purified α-migrating HDLs containing both apo A-I and apo A-II (LpA-I/A-II) from human plasma by immunosubtracting 2-dimensional-PAGE and showed that LpA-I/A-II particles are less efficient for cholesterol efflux than LpA-I particles in fibroblasts, whereas other studies failed to demonstrate differences in the ability of LpA-I and LpA-I/A-II to remove cholesterol from hepatoma cells, fibroblasts, smooth muscle cells, and bovine endothelial cells. 28, 29 In addition, enrichment of apo A-II in Tg mouse HDLs did not affect the ability for cholesterol efflux from human macrophages compared with that in HDLs of wild-type mouse. 13 It has been reported that scavenger receptor B1 removes cholesteryl esters from LpA-I/A-II particles more effectively than from LpA-I particles. 30 Because a small amount of apo A-II was also contained in apo-B-containing particles of Tg rabbits, it is likely that apo A-II affects their susceptibility to oxidation. We found that β-VLDL (the major atherogenic lipoprotein in cholesterolfed animals) isolated from Tg rabbits showed less susceptibility to copper-induced oxidation than β-VLDL of non-Tg rabbits, which serves as another molecular mechanism for the atheroprotection shown in human apo A-II Tg rabbits. Of note, a particularly interesting finding of the current study is the first demonstration of apo A-II immunoreactive proteins in the lesions of both Tg rabbit and human atherosclerosis. In the lesions, apo A-II is mainly present extracellularly in intimate association with macrophages. It has been reported that apo A-II exerts an important role in HDL binding and selective lipid uptake through scavenger receptor B1 and CD36 receptors. 31 Nevertheless, how apo A-II enters the arterial intima and what pathophysiological roles apo A-II plays in the lesions deserve further investigation. In the future study, it is necessary to clarify whether apoA-II exerts antiatherogenic effects in hepatic lipase Tg rabbits because normal rabbits are considered having low hepatic lipase activity. 32 In conclusion, our studies provide evidence that human apo A-II, the second major apo of HDLs, has a potent antiatherogenic function through several mechanisms. Enrichment of apo A-II in HDLs promotes cholesterol efflux from the cells, and inhibits inflammation and oxidation. It remains to be verified, however, whether apo A-II may become a novel therapeutic target for the treatment of atherosclerosis like apo A-I mimetic peptides. 
